This review focuses on recent developments in our understanding of group II intron function, the relationships of these introns to retrotransposons and spliceosomes, and how their common features have informed thinking about bacterial group II introns as key elements in eukaryotic evolution. Reverse transcriptase-mediated and host factor-aided intron retrohoming pathways are considered along with retrotransposition mechanisms to novel sites in bacteria, where group II introns are thought to have originated. DNA target recognition and movement by target-primed reverse transcription infer an evolutionary relationship among group II introns, non-LTR retrotransposons, such as LINE elements, and telomerase. Additionally, group II introns are almost certainly the progenitors of spliceosomal introns. Their profound similarities include splicing chemistry extending to RNA catalysis, reaction stereochemistry, and the position of two divalent metals that perform catalysis at the RNA active site. There are also sequence and structural similarities between group II introns and the spliceosome's small nuclear RNAs (snRNAs) and between a highly conserved core spliceosomal protein Prp8 and a group II intron-like reverse transcriptase. It has been proposed that group II introns entered eukaryotes during bacterial endosymbiosis or bacterial-archaeal fusion, proliferated within the nuclear genome, necessitating evolution of the nuclear envelope, and fragmented giving rise to spliceosomal introns. Thus, these bacterial self-splicing mobile elements have fundamentally impacted the composition of extant eukaryotic genomes, including the human genome, most of which is derived from close relatives of mobile group II introns.
INTRODUCTION
Group II introns are remarkable mobile retroelements that use the combined activities of an autocatalytic RNA and an intron-encoded reverse transcriptase (RT) to propagate efficiently within genomes. But perhaps their most noteworthy feature is the pivotal role they are thought to have played in eukaryotic evolution. Mobile group II introns are ancestrally related to nuclear spliceosomal introns, retrotransposons and telomerase, which collectively comprise more than half of the human genome. Additionally, group II introns are postulated to have been a major driving force in the evolution of eukaryotes themselves, including for the emergence of the nuclear envelope to separate transcription from translation.
In this review, we focus on recent developments in our understanding of group II intron function, the relationships of these introns to retrotransposons and spliceosomes, and how their common features inform our thinking about bacterial group II introns at the crux of eukaryotic evolution. We rely on previous reviews for more detailed coverage of history, structure, mechanism and biotechnological applications of group II introns (1, 2, 3, 4, 5, 6) .
BACKGROUND
Group II introns are found predominantly in bacteria and in the mitochondrial (mt) and chloroplast (cp) genomes of some eukaryotes, particularly fungi and plants, but are rare in archaea and absent from eukaryotic nuclear genomes (4) . Mobile group II introns consist of a catalytically active intron RNA (a ribozyme) and an intron-encoded protein (IEP), which is a multifunctional RT. The IEP functions in intron mobility by synthesizing a cDNA copy of the intron RNA and as a "maturase" that promotes folding of the intron RNA into a catalytically active ribozyme structure required for both RNA splicing and mobility reactions. Some IEPs also have a DNA endonuclease (En) activity that plays a role in intron mobility.
Group II intron splicing
The splicing pathway, which is assisted by the IEP, involves two reversible transesterifications catalyzed by the intron RNA (7) . In the first transesterification, the 2′-OH of a "branch-point" adenosine near the 3′ end of the intron attacks the 5′-splice site (Fig. 1A) . This reaction releases the 5′ exon and produces a branched intermediate in which the attacking adenosine is linked to the 5′ intron residue by a 2′-5′ phosphodiester bond. In the second transesterification, the newly released 3′-OH of the 5′-exon attacks the 3′ splice site, resulting in ligation of the 5′ and 3′ exons and excision of the intron lariat. A linear intron can result from hydrolysis rather than transesterification at the 5′-splice site, or by a lariat reopening reaction (8, 9) . Circular introns can also form (10) . The reversibility of the transesterifications ( Fig. 1A) enables "reverse splicing" of the excised intron into RNA or DNA containing the ligated-exon sequence, and may also provide a proof-reading mechanism for 5′-splice site selection (11) . Reverse splicing into DNA plays a key role in intron mobility.
Intron architecture
Group II intron RNAs have conserved 5′-and 3′-end sequences (GUGYG and AY, respectively), which resemble those of spliceosomal introns (GU and AG, respectively), and fold into a conserved three-dimensional structure consisting of six interacting secondary structure domains (DI to DVI) ( Fig. 1B, C) . This folded RNA forms the ribozyme active site, which uses specifically bound Mg 2+ ions to catalyze RNA splicing and reverse splicing reactions.
Biochemical studies and X-ray crystal structures of a group II intron from the halophile Oceanobacillus iheyensis have provided insight into the function of group II introns domains (Fig. 1C) (5, 10, 12, 13) . DI, the largest domain, is a scaffold, which contains sequence motifs that base pair with exon sequences to align them at the active site. These exon-recognition motifs differ for group II intron subgroups (IIA, IIB and IIC; see below) and are denoted exon-binding sites (EBSs) and δ with the complementary exon motifs denoted intron-binding sites (IBSs) and δ' (Fig. 1D) . DV is the active site helix that binds metal ions at the catalytic center of the intron. DVI contains the branch-point A residue and undergoes a conformational change to reposition the branch-point A between the two steps of splicing (14, 15, 16) . DII and DIII engage in stabilizing interactions with other domains, with DIII functioning as an effector to increase the rate of catalysis. The ORF encoding the RT protrudes from DIV, which projects away from the catalytic core.
Intron-encoded reverse transcriptase Fig. 2 compares two well-studied group II intron RTs (the LtrA protein encoded by the Lactococcus lactis Ll.LtrB intron and the Sinorhizobium meliloti RmInt1 RT) with two non-LTR-retrotransposon RTs (R2Bm and LINE-1), telomerase, and a retroviral (HIV-1) RT. The Ll.LtrB RT contains four conserved domains, RT, X/thumb, DNA binding (D), and DNA endonuclease (En), whereas the RmInt1 RT belongs to a subset of group II intron RTs that lacks the En domain. The RT domain contains conserved amino acid sequence blocks 1 to 7 that are present in the fingers and palm regions of retroviral RTs, while the X/thumb domain has a predicted structure similar to the thumb domain of retroviral RTs (17) . Although homologous to retroviral RTs, group II intron RTs have an N-terminal extension containing an additional conserved sequence block (RT-0), as well as insertions between other conserved sequence blocks (RT-2a, -3a, -4a, and -7a), some of which are conserved in non-LTR-retrotransposons and telomerase RTs (17, 18) . A three-dimensional model of a group II intron RT predicts a right hand-like structure similar to that of retroviral RTs with the N-terminal extension comprising part of a larger fingers region and the other insertions lying outside the RT active site ( Fig. 2B) (17) .
In addition to reverse transcription, the RT and X/thumb domains of group II intron RTs bind the intron RNA for splicing. Mutational and high-throughput unigenic evolution analyses suggest an extended RNAbinding surface that includes distal parts of the fingers, regions in and around the template-primer binding tract, and patches on the back of the hand (Fig. 2B , red left and dark blue right highlight regions that potentially interact with different parts of the intron RNA; see legend and below) (17, 19) . The RT active site is not required for splicing, with mutations in the conserved YADD metal binding motif having little effect on splicing activity (19, 20) . The overlap between regions of the IEP required for splicing with those that bind RNA templates for reverse transcription suggests how an RT that became associated with a catalytic RNA could evolve a secondary function in RNA splicing (19, 21) .
The D domain of group II IEPs functions in DNA target site binding during intron mobility. Studies with the Ll.LtrB IEP identified two regions of this domain that are functionally important and conserved in other group II IEPs, an upstream cluster of basic amino acids and a downstream predicted α-helix (22) . Mutations in these regions affect both the efficiency and target specificity of FIGURE 2 Group II intron and related reverse transcriptase (RTs). (A) Schematics of RTs. Two group II intron RTs, L. lactis Ll.LtrB (denoted LtrA protein; GenBank: AAB06503) and Sinorhizobium meliloti RmInt (NCBI Reference Sequence: NP_438012) are compared with two non-LTR-retrotransposon RTs, Bombyx mori R2Bm (GenBank: AAB59214) and human LINE-1 (UniProtKB/Swiss-Prot: O00370) RTs; yeast telomerase RT (GenBank: AAB64520); and retrovirus HIV-1 RT (PDB:2HMI). Conserved sequence blocks in the RT domain are numbered, and the sequence motif containing two of the conserved aspartic acid residues at the RT active site is shown below for each protein. (B) Three-dimensional model of the Ll.LtrB RT. Regions identified by unigenic evolution analysis as being required for binding the high-affinity binding site DIVa and catalytic core regions of group II intron RNAs are highlighted in red and dark blue in the left and right panels, respectively. Pink in the left panel indicates a region of the protein that may contribute to DIVa binding by stabilizing the structure of neighboring regions (46) . The model was constructed by threading the amino acid sequence of the Ll.LtrB RT onto a HIV-1 RT crystal structure, with one subunit (denoted α; gray) modeled based on the catalytic p66 subunit of HIV-1 RT and the other subunit (denoted β; cyan) modeled based on the p51 subunit of HIV-1 RT (17) . The N-terminal 36 amino acid residues of the Ll.LtrB RT could not be modeled based on the HIV-1 RT and are represented as spheres. APE, apurinic endonuclease domain; CTS, conserved carboxy-terminal segment found to bind RNA nonspecifically in human LINE-1 RT (217); Cys, cysteine-rich sequence conserved in LINE-1 RT; DB, DNA-binding domain in R2Bm RT; REL, restriction endonuclease-like domain; TEN, telomerase N-terminal domain; TRBD, telomerase RNA-binding domain including motifs CP and T, which contact telomerase RNA (139, 218) . doi:10.1128/microbiolspec.MDNA3-0050-2014.f2 retrohoming, consistent with their involvement in DNA target site recognition (22, 23) . Distinctive variations of the D domain have been described for RmInt1 and related group II intron lineages whose IEPs lack an En domain (22, 24, 25) .
The En domain belongs to the H-N-H family of DNA endonucleases, which includes bacterial colicins, phage T4 endonuclease VII, and some group I intron homing endonucleases (22, 26, 27, 28, 29) . In group II intron RTs, residues of the H-N-H motif coordinate a catalytic Mg 2+ ion and are interspersed with two pairs of conserved cysteine residues, which may coordinate another metal ion to stabilize the protein fold (22) . These cysteine residues are important for the endonuclease activity of the Ll.LtrB RT, but have diverged in some group II intron IEP lineages (22) .
Group II intron RNPs
Group II intron RNAs and IEPs function together in a ribonucleoprotein (RNP) complex, which forms when the IEP binds to the intron in unspliced precursor RNA to promote RNA-catalyzed splicing (30, 31) . Group II intron IEPs typically function as intron-specific splicing factors, discriminating even among closely related group II introns (32, 33, 34) . Ll.LtrB RNPs contain two molecules of IEP per intron RNA, suggesting that the IEP functions as a dimer, similar to HIV-1 RT (30, 35, 36) .
The IEP has a high-affinity binding site in intron subdomain DIVa, a variable stem loop structure that lies outside the intron's catalytic core near the beginning of DIV and is a feature that contributes to intron specificity (37, 38, 39) . The IEP also makes weaker secondary contacts with conserved core regions, including in DI, DII, and DVI, that stabilize the active ribozyme structure for RNA splicing and reverse splicing (31, 40) . This mode of interaction in which the IEP is anchored by binding to DIVa and binds more weakly to the catalytic core may enable the IEP to accommodate conformational changes within the intron RNA during RNA splicing and different steps in intron mobility (31, 36, 41, 42, 43) .
When mapped onto a three-dimensional model of the Ll.LtrB intron RNA, putative IEP contact sites identified by RNA footprinting, site-specific cross-linking and fluorescence quenching revealed a broad IEP binding surface that extends from DIVa across the interface of DI, DII, and DVI (31, 40). The location of the putative IEP contact sites and analysis of conformational changes that occur upon IEP binding suggest that the IEP stabilizes interactions between DI, II, and VI, as well as the folded structure of DI (31, 41). Although much group II intron RNA tertiary structure can form at physiological Mg 2+ concentrations in the absence of the IEP (31, 41), continued binding of the Ll.LtrB IEP is required to stabilize the active ribozyme structure even for lariat RNA, which rapidly reverts to an inactive structure if the IEP is removed (44, 45) .
Group II intron classification
Group II intron IEPs have a strong cis-preference for splicing and mobilizing the intron RNA in which they are encoded, likely reflecting that the nascent IEP binds to the intron during or just after translation and then remains bound to the excised intron during RNA splicing and intron mobility (19, 46) . As a result of this cispreference, group II intron RNAs and IEPs have coevolved, leading to divergence of mobile group II introns into distinct evolutionary lineages (47, 48) . Group II intron RNAs are classified into three major subgroups (IIA, IIB, and IIC) distinguished by their size, secondary structure and mode of exon recognition by DI ( Fig. 1D ) (discussed in detail in reference 4). Whereas EBS1-IBS1 interactions are common to all group II introns, EBS2-IBS2 base pairings between the intron and 5′ exon are confined to IIA and IIB introns. The 3′ exon is recognized by the δ-δ' interaction in IIA introns and by the EBS3-IBS3 interaction involving another region of the intron RNA in IIB and IIC introns (Fig. 1D ). The IEPs have diverged into at least nine subclasses [A, B, C, D, E, F, chloroplast-like 1 and 2 (CL1 and CL2, respectively) and mitochondria-like (ML)], each associated with a particular RNA structure (25, 49, 50, 51, 52) . The En domain, which enables an efficient mode of intron mobility (see below), is present only in IEPs of subclasses B, ML, and CL, suggesting that it may have been acquired by a common ancestor of these subclasses (25) .
GROUP II INTRON RETROHOMING MECHANISMS
Group II intron retromobility occurs by a target DNAprimed reverse transcription (TPRT) mechanism in which the excised intron RNA reverse splices into one strand of a DNA target site and is then reverse transcribed by the IEP to produce an intron cDNA that is integrated into the genome (53, 54, 55, 56, 57) . This mechanism is used by group II introns both for retrohoming to specific DNA target sites and for retrotransposition (also referred to as ectopic retrohoming) to sites that resemble the normal homing site ( Fig. 3A , B, C, D). In contrast to retrohoming, which occurs at frequencies that can approach 100% of recipients acquiring the intron, retrotransposition occurs at lower frequency, typically <10 −4 /recipient (58, 59) . The ability of the intron to insert into different genes and then remove itself by RNA splicing minimizes damage to the host. Variations of the retrohoming mechanism discussed below illustrate how group II introns can evolve different modes of action and adapt to different hosts.
IEP expression
Building upon earlier genetic studies (reviewed in reference 1), the major features of group II intron retromobility mechanisms were elucidated for the Saccharomyces cerevisiae mtDNA introns aI1 and aI2, in the COX1 gene encoding cytochrome oxidase subunit I (53, 54, 55, 56) , and in bacteria, for the Ll.LtrB intron, in a relaxase gene in a conjugative element (57) , and the Sinorhizobium meliloti RmInt1 intron, in an insertion sequence (IS) element (60, 61, 62) . The aI1, aI2 and Ll.LtrB introns are group IIA, whose IEPs contain an En domain, whereas RmInt1 is group IIB and does not. For all these introns, the IEP is translated from the intron-containing precursor RNA, binds to the unspliced intron, and promotes formation of the active ribozyme structure for RNA splicing. Cryo-EM and small-angle X-ray scattering show that precursor RNP forms a loosely packed structure that undergoes a dramatic conformational change upon splicing, resulting in a compact excised intron RNP particle (36, 43) .
The nascent IEP is thought to bind first to its primary high-affinity binding site in DIVa, using regions near its N-terminus, including the N-terminal extension upstream of RT-0 (46) ( Fig. 2B left, regions highlighted in red). In the Ll.LtrB intron, DIVa contains the Shine-Dalgarno sequence and initiation codon of the intron ORF, as it does in many other bacterial group II introns, and the binding of the IEP to DIVa down-regulates its own translation (38, 63) . This binding to DIVa halts ribosome entry into the intron, enabling it to fold into the active ribozyme structure for RNA splicing, and also prevents accumulation of excess free IEP, which would likely be deleterious to the host cell. In the yeast aI1 and aI2 introns and some other fungal mtDNA introns, the intron ORF is continuous with that of the upstream exon and translated as part of a preprotein that is proteolytically processed to yield the active IEP (38, 64) . DIVa nevertheless remains a high-affinity binding site for the IEP, reflecting a critical role of this interaction in nucleating RNP assembly and positioning the IEP for initiation of TPRT (65) . After splicing, the IEP remains tightly bound to the intron lariat in a stable RNP that promotes retrohoming (30, 42) .
Endonuclease-dependent retrohoming
Group II intron RNPs initiate retrohoming by recognizing a DNA target sequence using both the IEP and motifs within the intron RNA that base pair with the DNA target site. The intron RNA then reverse splices into the DNA strand to which it is base paired (Fig. 3A , B, step 1). In the En-dependent retrohoming pathway, the IEP uses its En domain to nick the opposite strand ( Fig. 3A, step 1′ ) and then uses the 3′ DNA end generated at the nick as a primer for TPRT of the inserted intron RNA (Fig. 3A, step 2 ). The resulting intron cDNA is integrated into the genome by host enzymes, and after intron degradation and second-strand cDNA synthesis ( Fig. 3A, step 3 ), the nicks are ligated to complete the reaction (Fig. 3A, step 4 ). Unlike retroviruses, whose RTs have low fidelity and processivity that introduce and propagate mutations for evasion of host defenses (66), group II intron retrohoming requires an RT with high processivity and fidelity (error rate of ∼10 −5 /nt for the Ll.LtrB RT) in order to preserve the functional integrity of the intron (57, 67, 68) .
Group II introns can use different mechanisms for cDNA integration, depending upon both the intron and DNA repair pathways that are available in different hosts. For the S. cerevisiae mtDNA introns, most retrohoming events are completed via a recombination mechanism in which a nascent intron cDNA strand invades an intron-containing allele for the completion of intron DNA synthesis and a second cross-over occurs in the homologous upstream exon (56, 69) . This process results in co-conversion of the intron with sequence polymorphisms in the upstream exon (20, 70) . A smaller proportion of retrohoming events occurs without coconversion of exon sequences, possibly via synthesis of a full-length intron cDNA that is integrated by DNA repair (69) .
By contrast to the S. cerevisiae introns, which rely heavily on homologous recombination for cDNA integration, the Ll.LtrB intron and other bacterial group II introns use RecA-independent DNA repair (57, 60, 71) . The preference of bacterial introns for this mechanism may reflect less proficient homologous recombination than in fungal mitochondria.
Genetic screens and biochemical assays in which purified group II intron RNPs were combined with Escherichia coli extracts to reconstitute the complete retrohoming reaction in vitro suggested a model for host contributions to Ll.LtrB retrohoming shown in Fig. 3A (72, 73) . According to this model, enzymes including nucleases directed against RNA and DNA, replicative and repair DNA polymerases and components of the replisome act in their various roles to resect DNA, degrade the template RNA, traverse RNA-DNA junctions, carry out second-strand DNA synthesis, and ligate DNA ( Fig. 3A and Table 1 ). A key feature is that after TPRT, the intron cDNA is extended into the upstream exon, either by the group II intron RT or by a switch to a host DNA repair polymerase, resulting in a branched intermediate that resembles a stalled DNA replication fork (Fig. 3A, step 2) . The latter is recognized by the replication-restart proteins, PriA or PriC, which act on branched structures having different length gaps between the branch and the nascent DNA strand. PriA and PriC are thought to function in retrohoming much as they would during replication restart at a stalled or collapsed replication fork by initiating a replisome loading cascade leading to recruitment of DNA polymerase PolI and the host replicative polymerase, PolIII ( Fig. 3A, step 3 ).
Because group II introns encode RTs lacking an RNase H domain (17), they must rely on a host RNase H to degrade the intron RNA template. For the Ll.LtrB intron in E. coli, this is achieved by RNase H1, with a likely contribution from the 5′ to 3′ exonuclease activity of PolI, which removes RNA primers during DNA replication ( Fig. 3A , step 3) (72, 73) . DNA overhangs are trimmed by host 5′-3′ exonucleases, such as RecJ, and after completion of second-strand synthesis by PolIII, nicks are sealed by host DNA ligase ( Fig. 3A, step 4 ). The requirement for host DNA polymerases for secondstrand synthesis is again dictated by the properties of group II intron RTs, which do not initiate efficiently from an annealed primer on DNA templates (72) .
Whereas hosts provide housekeeping functions, such as the single-strand binding protein Ssb and nucleoid components H-NS and StpA, that promote group II intron retromobility (73, 74) , they also mount counterattacks, to inhibit intron proliferation (75) . Both RNases (RNase E, RNase I and RNase LS) and DNases (ExoIII) are degradative enzymes that keep retromobility in check (45, 72, 73, 76) . The RNases act by degrading the intron RNA, whereas ExoIII is thought to resect newly synthesized cDNA.
Endonuclease-independent retrohoming
Group II introns whose IEPs lack DNA endonuclease activity retrohome by a mechanism in which a nascent FIGURE 3 Representative retrohoming and retrotransposition pathways. (A, B) Retrohoming into cognate sites is represented by the two pathways on the left. (C, D) Retrotransposition to ectopic sites is represented by the two pathways on the right. For all panels, the intron is red (DNA solid lines, RNA hatched lines); the intron RNP is represented by a grey rectangle with a red intron lariat and an IEP with RT and maturase (X) domains and either containing or lacking an En domain. Exons of the donor (encircled D) are white, and those of the recipient (encircled R) are either white (retrohoming) or grey (retrotransposition). Each pathway ends with a product (encircled P). Green exon fragment represents primer for reverse transcription. The retrohoming pathways (A, B) differ by the presence of the En domain, and whether dsDNA (A) or ssDNA, such as at a replication fork (B), is the target. The black dot in the recipient strand represents the intron-insertion site. In pathway A, the IEP contains an En domain and after reverse splicing into the top strand, cleavage of the bottom strand occurs 9 or 10 nt downstream (step 1′), as for the Ll.LtrB and yeast aI2 introns, respectively (54, 101) . In pathway B, the IEP lacks an En domain and integrates into DNA at a replication fork (step 1) as demonstrated for RmInt1 intron (62) and En-deficient mutants of the Ll.LtrB intron (78) , which preferentially use lagging or leading strand primers, respectively. Use of a leading strand primer is not shown in the figure (see reference 78). In both pathways, cDNA synthesis proceeds with the intron as template, using the 3′-OH of either the cleaved bottom strand (A) or an Okazaki fragment (B) to prime reverse transcription (step 2). Intron degradation and second-strand cDNA synthesis (step 3) is followed by DNA repair to generate the retrohoming products for both pathways (step 4). Host factors that participate in the process are indicated on pathway A, as established for the Ll.LtrB intron in E. coli, with those that silence the pathway shown in red, and those that promote retrohoming indicated in green (Table 1) (72, 73) . Retrotransposition (C, D) occurs when the intron integrates into ectopic sites with reduced specificity. This occurs for the Ll.LtrB intron into the lagging strand template for DNA synthesis, as in pathway B, where Okazaki fragments prime cDNA synthesis (C) (58) . Stimulatory and repressive host factors are again represented in green and red, respectively (Table 1) (45, 74, 97) . Alternatively, primers can be provided by nicks introduced into dsDNA by relaxase, the product of the ltrB gene that hosts the intron (pathway D) (93) . Steps 1 to 4 in pathway D are as for retrohoming. EPP, error-prone polymerase. doi:10.1128/microbiolspec.MDNA3-0050-2014.f3 leading or lagging strand at a DNA replication fork rather than a cleaved DNA strand is used to prime reverse transcription. The RmInt1 group IIB intron and group IIC introns, which encode IEPs lacking an En domain, preferentially use lagging DNA strand primers (Okazaki fragments), likely reflecting that these introns reverse splice into transiently ssDNA at DNA replication forks (62) (Fig. 3B ). The relatively high efficiency with which RmInt1 retrohomes by this mechanism (20 to 45% per recipient target site) raises the possibility of a yet-to-be-demonstrated interaction between the intron RNP and DNA replication machinery (77) . In the case of Ll.LtrB, which reverse splices efficiently into dsDNA, En-deficient mutants show the opposite bias for using the nascent leading strand as a primer for reverse transcription of the intron RNA (78) . This bias likely reflects that after reverse splicing into dsDNA, an intron RNP integrated into the leading template strand is positioned to directly use a nascent leading strand from an approaching replication fork to prime reverse transcription; by contrast, an intron RNP integrated into the lagging template strand could not be reverse transcribed until after the potentially disruptive passage of the replication fork (78) .
Retrohoming of linear group II intron RNAs
Experiments in which Ll.LtrB intron RNPs were microinjected into Xenopus laevis oocyte nuclei or Drosophila melanogaster embryos showed that linear group II intron RNAs can retrohome by a mechanism in which group II intron RNPs catalyze the first step of reverse splicing, resulting in attachment of the linear intron RNA to the downstream exon of the DNA target site. TPRT then yields an intron cDNA whose unattached 3′ end is ligated to the upstream exon DNA by nonhomologous end-joining (NHEJ), yielding a mixture of precise and aberrant 5′ junctions (79) . In D. melanogaster, linear intron RNA retrohoming occurs by both major Lig4-dependent and minor Lig4-independent mechanisms, which appear to be related to classical and alternate NHEJ, respectively (80) . The DNA repair polymerase θ plays a crucial role in both pathways, presumably by adding extra nucleotides to the 3′ end of the intron cDNA to generate microhomologies that enable annealing of the cDNA end to the upstream exon. However, linear intron RNA retrohoming can occur independently of Ku70, which functions in capping chromosome ends during classical NHEJ.
RT-independent homing
A subset of filamentous fungal mt group IIB introns and a recently identified giant sulfur bacterial group IIC intron encode a LAGLIDADG DNA homing endonuclease instead of an RT (81, 82, 83, 84) . The LAGLIDADG ORF in the bacterial intron is located in DIV, whereas those in the fungal introns are located in DIII, indicating two separate insertions. Biochemical assays show that both the ribozyme and endonuclease of the fungal introns are active (82) . S. cerevisiae mtDNA introns with mutations in the RT active site have been shown to home efficiently by a conventional double-strand break repair mechanism, similar to group I introns (56, 69) , and group II introns encoding LAGLIDADG proteins are assumed to use the same mechanism (85). Phylogenetic analysis indicates horizontal transfer of LAGLIDADG introns, suggesting that they are actively mobile in fungal populations (83) .
MECHANISM AND REGULATION OF GROUP II INTRON RETROTRANSPOSITION
Whereas retrohoming is important for maintaining introns at a fixed site in genomes, retrotransposition to ectopic sites plays a major role in intron dissemination to novel locations, thereby increasing the diversity of intron-containing host genes on an evolutionary timeframe (58, 86, 87, 88, 89) . Retrotransposition is distinguished by relaxed sequence requirements for intron integration. Retrotransposition mechanisms of the Ll. LtrB intron have been analyzed in both L. lactis and E. coli by using powerful selection systems based on inserting a retrotransposition indicator gene (RIG) into intron DIV (58, 59) . RIGs, which were first developed for other retroelements (90, 91) , allow direct selection of a drug resistance marker after insertion into DNA via an RNA intermediate. It was thereby shown that retrotransposition of the Ll.LtrB intron in its native L. lactis host is biased toward the template for lagging-strand DNA synthesis, suggesting the replication folk as a source of ssDNA and Okazaki fragments as primers for cDNA synthesis (Fig. 3C, step 1) . Many bacterial group II introns reside on the lagging-strand template, implicating a role for DNA replication in intron spread in nature. Also consistent with a role of the replication fork is the preponderance of events that occurs into plasmid targets, where plasmids have a higher number of forks per unit length of DNA than does the chromosome (92) . The bacterial host in which retrotransposition occurs not only influences the mobility pathway, but also the chromosomal location of intron-insertion sites. In contrast to L. lactis, retrotranspositon of the Ll.LtrB intron in E. coli is predominantly En-dependent occurring frequently into dsDNA. Furthermore, whereas events are scattered in L. lactis, with some preference for the replication terminus (ter domain), their localization in E. coli is bipolar, to the replication origin (ori) and ter domains (59, 74, 93) . A polar pattern in E. coli, with preference for the ori domain, was also found for retrohoming of an Ll.LtrB intron with randomized EBS and δ sequences (94) and attributed to localization of the IEP to the cellular poles (95) , an explanation that may also apply to the bipolar pattern of retrotransposition events (74) . These studies also gave the first hint that culture conditions can regulate retrotransposition, as slow growth eliminated all events except those around ori and ter and confined them to an endonucleasedependent pathway into dsDNA (59) . Additionally, a mutagenesis screen showed that Ll.LtrB IEP localization is related to its interaction with negatively charged intracellular polyphosphates, which are normally polelocalized but delocalize away from the poles in response to cellular stress, leading to a more uniform distribution of intron-insertion sites (96) . These studies portended growth phase and cellular stress as regulatory forces in retrotransposition.
Importantly, nutritional stress stimulates retrotransposition. Both amino acid and glucose starvation promote retrotransposition via the small molecule alarmones ppGpp and cAMP, respectively (76, 97) . Their stimulatory effects are indirect. Rather than promote RNP production, they appear to act on the target DNA, facilitating intron access. Precisely how the stress is transduced to the retroelement is an unanswered question. The same mutant screen that indicated a role for these alarmones and for RNase E showed that retromobility is stimulated by mutations in cytochrome oxidase, raising the possibility that oxidative stress promotes intron movement (76) .
Both retrohoming and retrotransposition are suppressed by RNase E, which degrades the intron RNA (45, 72, 76) . Because RNase E is part of the degradosome, which is tuned to the metabolic status of the cell, there is a potential for regulation of retromobility in response to changes in the physiological state of the cell. In L. lactis, the Ll.LtrB intron associates with the ribosome, particularly the 30S subunit, which affords protection to the degradative silencing imposed by RNase E (45) .
Finally, retrotransposition of the Ll.LtrB intron, which resides within the relaxase gene of a conjugative plasmid, pRS01, is boosted in the presence of the plasmid (93, 98) . The relaxase initiates conjugation by nicking DNA at the transfer origin and is a stimulatory factor for retrotransposition. By developing a genomic retrotransposition detection system called RIG-Seq, in which events are profiled by high-throughput sequencing, it was shown that relaxase, expressed either from pRS01 or from a plasmid vector in the absence of pRS01, increases both the frequency of retrotransposition and the diversity of DNA target sites. Specific point mutations and relaxase inhibitors support the hypothesis that relaxase elevates retrotransposition by inducing spurious nicks in the host DNA (93) . Thus, the plasmid and mobile group II intron interact, with intron splicing required for relaxase expression and conjugation, and relaxase stimulating retrotransposition and intron spread via horizontal transfer.
DNA TARGET SITE RECOGNITION
For retrohoming, group II intron RNPs recognize DNA target sequences by using both the IEP and base pairing of motifs within the intron RNA (56, 99, 100, 101) . However, there are differences in detail for different intron subgroups and lineages. DNA target site interactions for representative group IIA, IIB, and IIC introns are diagrammed in Fig. 4 . In each case, the intron RNA base pairs to a central region of the DNA target site that encompasses the intron-insertion site, while the IEP recognizes exon sequences flanking the region recognized by the intron. For each subgroup, the intron RNA motifs that base pair to the DNA target site are the same as those that base pair to flanking 5′-and 3′-exon sequences for RNA splicing (Fig. 1D) , favoring intron insertion at sites that allow RNA splicing with minimal impairment to gene expression.
In group IIA and IIB introns, the intron RNA basepairing interactions typically span 12 to 16 nts, while the IEP recognizes a small number of nucleotide residues in the distal 5′ and 3′ exons, which differ even for closely related introns (99, 102, 103, 104) . The stringency of IEP recognition varies for different nucleotides, and typically, none is required for retrohoming. For the S. cerevisiae aI2 and Ll.LtrB group IIA introns, IEP recognition of the sequences in the distal 5′-exon region likely involves the D domain and is needed for efficient reverse splicing into dsDNA but not ssDNA, indicating a contribution to local DNA melting (78, 99, 105) . IEP recognition of the 3′ exon is required only for bottomstrand cleavage (99, 101) . Group II introns that reverse splice preferentially into transiently ssDNA, such as RmInt1, are less dependent upon IEP interactions with the distal 5′ exon for DNA melting, and correspondingly their IEPs recognize fewer distal 5′-exon nucleotide residues (77, 106) . In group IIC introns, intron RNA base pairing is limited to short EBS1/IBS1 and EBS3/IBS3 interactions, and the region upstream of IBS1 contains a hairpin structure corresponding to a transcription terminator or integron attachment (attC) site that is recognized by an as-yet unknown mechanism (107). The formation of this hairpin structure is presumably favored in transiently ssDNA at replication forks, thereby directing group II introns to this location where they can use nascent DNA strands to prime reverse transcription (see above).
For the Ll.LtrB intron, DNA target site interactions of RNPs have been investigated biochemically suggesting a model in which the RNPs bind DNA nonspecifically and scan for target sites by facilitated diffusion along the DNA (105, 108) . The IEP is thought to first recognize a small number of bases, including T-23, G-21, and A-20, in the distal 5′ exon via major-groove interactions. These base contacts bolstered by phosphate-backbone interactions along one face of the helix promote local DNA melting, enabling the intron RNA to base pair to the target DNA (105) . The small number of 5′-exon nucleotides recognized initially by the IEP suggests that the intron RNA may contribute to initial target site recognition, either by triplex formation or by processively base pairing to the IBS and δ' sequences. Bottom-strand cleavage between positions +9 and +10 of the DNA target site occurs after a lag and requires additional interactions of the IEP with the 3′ exon, most critically recognition of T+5. Atomic force microscopy showed that the binding of RNPs bends the target DNA into two progressively sharper bend angles, the first correlated with 3′-exon interactions that position the scissile phosphate at the En active site for bottom-strand cleavage, and the second with repositioning of the 3′ end of the cleaved strand from the En to the RT active site for initiation of cDNA synthesis (42) . Notably, even with this DNA bending, the distance between DNA target site residues T-23 and T+5 recognized by the IEP is longer than can be spanned readily by a single IEP molecule. This suggests either that T-23 and T+5 may be recognized sequentially by a single IEP or simultaneously by different subunits of an RT homodimer (17) .
Retrotransposition to ectopic sites has relaxed sequence requirements. For all three classes of group II introns, the relatively limited contribution of IEP recognition facilitates dispersal to new target sites compatible with base-pairing interactions of the intron RNA. The Ll.LtrB intron in its native L. lactis host retrotransposes into ssDNA, and thus, the residues recognized by the IEP for either DNA unwinding in the upstream exon (T-23, G-21, A-20) or for second-strand DNA cleavage in the downstream exon (T+5) are not required (58, 59, 92, 93) . Furthermore, although there is a preference for native IBS1 and δ' sequences that base pair with sequences in the intron, there appears to be minimal dependence on an IBS2-EBS2 interaction. There is, however, a strong bias toward -6C in IBS1, a residue also required for reverse splicing into dsDNA (59, 92, 93, 101) .
GROUP II INTRON PROLIFERATION TO HIGH COPY NUMBER
The distribution of group II introns in bacteria suggests waves of intron invasion, proliferation, and extinction, with the latter resulting from a combination of mutational inactivation, limiting intron spread, and removal of genomes harboring deleterious group II introns by purifying selection (109) . As a result, group II intron distribution in bacteria is highly variable, even among different strains of the same species, with most bacteria containing only one or a small number of group II introns (109, 110, 111, 112) . In several organisms, however, group II introns have escaped host defenses and proliferated to high copy number in the genome. These systems are of interest because the evolution of spliceosomal introns is hypothesized to have involved proliferation of invasive group II introns to high copy number in the genomes of early eukaryotes.
Group II introns have been successful mobile elements not only because of their self-contained mobility apparatus, but also because they have evolved mechanisms for minimizing host damage, including high DNA target specificity, ability to remove themselves by RNA splicing and the sequestration of potentially deleterious IEPs by tight binding to the intron RNA. Factors that act to prevent group II intron proliferation include saturation of potential target sites (113) , host defense mechanisms, including bacterial ribonucleases (see above), and negative selection due to deleterious effects on the host. Such deleterious effects might include inefficient splicing from some genomic sites, negative effects of high expression of group II intron RNPs, such as promiscuous breaks or integrations in chromosomal DNA, recombination between multiple dispersed copies of the introns leading to genomic rearrangements (86, 87, 114, 115) , and replicative disadvantage due to larger genome size.
The balance of factors that favor mobility and act against proliferation varies for different introns and different hosts. For example, group IIC introns have lower DNA target specificity than do IIA or IIB introns and preferentially insert downstream of transcription terminators, enabling them to proliferate in some bacteria to moderately high copy number (116) . Some strains of Wolbachia, a bacterial endosymbiont found in arthropods and insects, resemble organelles in containing relatively high numbers of group II introns of different families (115) . This accumulation has been attributed to multiple intron invasions combined with inefficient purifying selection due to the limited population size of intracellular symbionts (115) .
A dramatic example of group II intron proliferation to high copy number is provided by Euglena gracilis cpDNA, which contains more than 150 group II introns that interrupt almost every protein-coding gene (117, 118) . Most of the introns are degenerate lacking elements of the conserved group II intron RNA structure, including entire RNA domains, and only two contain intact ORFs that could potentially encode functional proteins (49, 118) . The smallest of these introns, referred to as group III introns, consist only of DI and DVI and lack DV, which is essential for ribozyme activity (117, 119) . Comparisons of cpDNA sequences of different euglenoid species show that early branching species contain fewer introns and suggest at least two bursts of intron proliferation (120, 121) . These proliferations may have been enabled by an efficient common splicing apparatus that provides key proteins and possibly RNA domains in trans (117). Other contributing factors include inefficient purifying selection against organellar genomes harboring group II introns and the ability of some group II introns to avoid host genes by inserting into other group II introns, forming "twintrons" (117) . The euglenoid cpDNA introns most likely proliferated by a promiscuous reverse splicingbased retrotransposition mechanism that enables dispersal to large numbers of new sites, with bursts potentially reflecting acquisition of new actively mobile introns by horizontal transfer (122) .
The thermophilic cyanobacterium Thermosynechococcus elongatus contains 28 closely related copies of a group IIB intron constituting ∼1.3% of the genome (123) . A combination of bioinformatics and mobility assays at different temperatures identified four mechanisms that contributed to the proliferation of T. elongatus group II introns (114) . First, the T. elongatus introns have diverged into six families with different EBS sequences that target the introns to different sites. This divergence suggests waves of retrohoming following intron mutations that enable insertion into different target sites, thereby circumventing the limitation of target-site saturation. Second, some of the T. elongatus IEPs have evolved relaxed intron specificity and can efficiently splice and mobilize other introns that have lost their own ORFs, forming a rudimentary common splicing apparatus for multiple dispersed introns. Further, deletion of the intron ORF favors proliferation because the smaller, more compact ORF-less introns splice more efficiently and are less susceptible to nuclease degradation. More efficient splicing in turn enables intron insertion into housekeeping genes at lower fitness cost to the host. Third, some T. elongatus introns have evolved to insert at sites that are not deleterious to the host, such as a conserved sequence in another group II intron, leading to twintrons, or into an IS element. Finally, unlike mesophilic group II introns, the thermophilic T. elongatus introns rely on elevated temperatures to promote DNA strand separation, enabling access to a larger number of DNA target sites by base pairing of the intron RNA, with minimal requirement for recognition by the IEP to promote DNA melting. Thus, higher temperatures, which are thought to have prevailed on Earth during the emergence of eukaryotes, favor intron proliferation by increasing the accessibility of DNA target sites.
GROUP II INTRON BEHAVIOR IN EUKARYOTES
Although mobile group II introns are thought to have proliferated in the nuclear genomes of early eukaryotes before evolving into spliceosomal introns (124, 125) and integration of organellar DNA fragments containing group II introns into the nuclear genome is an on-going process (126, 127) , functional group II introns have not been found in eukaryotic nuclear genomes. In order to survive a potentially overwhelming group II intron invasion early in their evolution, eukaryotes had to evolve mechanisms that restrain group II intron proliferation and expression. One such restraint may have been lower free Mg 2+ concentrations, which limit group II intron ribozyme activity (128, 129, 130) . Intracellular free Mg 2+ concentrations are lower in eurkayotes (0.2 to 1 mM) than in bacteria (1 to 4 mM) and may be particularly low in eukaryotic nuclei, where Mg 2+ is chelated to chromosomal DNA (130, 131) . Efficient group II intron retrohoming in X. laevis oocyte nuclei or D. melanogaster or zebrafish embryos occurs only after injection of MgCl 2 (129) . Spliceosomal introns evolved to function at the lower Mg 2+ concentrations in eukaryotes, possibly by their disintegration into snRNAs, and by their increased reliance on protein cofactors, which can substitute for Mg 2+ to promote RNA folding (130) .
Studies in which the Ll.LtrB group IIA intron and its IEP were inserted within the S. cerevisiae nuclear genes CUP1 or URA3 showed that expression of these genes is silenced. The pre-mRNAs harboring the intron are not spliced in the nucleus but are spliced accurately in the cytoplasm (132), possibly reflecting higher free Mg 2+ concentrations in that compartment. Interestingly, the mRNA from which Ll.LtrB is spliced in the cytoplasm is subjected to nonsense-mediated decay, translational repression of mRNA, and targeting of the RNA to cytoplasmic foci (132, 133) . By contrast, a spliceosomal intron assayed in parallel evaded these surveillance mechanisms (132) . Insertion of the brown algal P1. LSU/2 group IIB intron into a yeast nuclear gene results in similar silencing of spliced mRNAs (134) . Tenacious intermolecular interactions between the mRNA and the pre-mRNA and/or excised intron, based on IBS-EBS base pairings, contribute to translational silencing of the spliced mRNAs (133) . Whereas disruption of these pairings by mutation promoted gene expression, compensatory mutations to restore the pairings again resulted in silencing. Thus, impaired expression of host genes containing inserted group II introns could have selected against ancestral eukaryotes carrying intact group II introns in their nuclear genomes and favored the evolution of splicesomal introns.
MOBILE GROUP II INTRON-EUKARYOTIC RETROTRANSPOSON RELATIONSHIPS
Mobile group II intron RTs are closely related to non-LTR-retrotransposon and telomerase RTs of eukaryotes ( Fig. 2A ). All three types of RT use analogous reverse transcription mechanisms, in which the site of initiation of cDNA synthesis is dictated by specific binding of the RT to the RNA template and the 3′ end of a target DNA is used as the primer for reverse transcription (17, 135, 136, 137, 138) . Recent studies extend these similarities by showing that all three RTs employ regions upstream of the RT1 motif that are not present in retroviral RTs for the specific binding of RNA templates (46, 139, 140) ( Fig. 2A) . In the case of group II introns and non-LTR-retrotransposons, the primer for TPRT is typically generated by cleavage of the target DNA by an En-domain appended to the RT [H-N-H for group II introns, restriction enzyme-like endonuclease (REL) for R2, and apurinic endonuclease (APE) for LINEs; Fig. 2A ]. The identity of the En is variable, with some nuclear non-LTR-retrotransposons encoding both APE and REL domains, and others, the Penelope retrotransposons, encoding a GIY-YIG endonucålease domain related to group I intron homing endonucleases (141, 142, 143) . Both group II introns and non-LTRretrotransponsons can also use random nicks in DNA as primers for reverse transcription (93, 144, 145) . In contrast, telomerase uses the 3′ end of a chromosomal DNA as the primer, an ability shared by non-LTR-retrotransposons that lack En activity (142, 146, 147) , but not yet demonstrated for mobile group II introns.
Like group II intron RTs (19) , LINE-1 elements and other non-LTR-retrotransposon RTs show a cis-preference for mobilizing the element in which they are encoded, presumably reflecting that their RTs bind rapidly and preferentially to the RNA from which they are translated (148, 149, 150) . The assembled RNP is then transported into the nucleus or nucleolus (for elements that insert into rDNA), which are sites of TPRT. Also like group II intron RTs (72, 73) , mammalian LINE-1 elements and most other non-LTR-retrotransposon RTs lack an RNase H domain and may rely at least in part on a host RNase H for degradation of the RNA template strand in addition to strand displacement by the RT (136, 151) . Additionally, the TPRT mechanism used by non-LTR-retrotransposons results in a cDNA whose 3′ end may be ligated to upstream sequences by NHEJ enzymes (152) , analogous to the retrohoming mechanism used by linear group II introns (see above), or linked to upstream sequences via template switching, a proficient activity of both group II intron and non-LTR-retrotransposon RTs (68, 136, 153, 154) . Finally, the mechanism used for second-strand DNA synthesis by non-LTR-retrotransposons is not known, but given their nuclear localization could involve a host DNA polymerase, similar to mobile group II introns (73) , rather than the DNA-dependent polymerase activity of the RT.
STRUCTURAL AND MECHANISTIC SIMILARITIES BETWEEN GROUP II AND SPLICEOSOMAL INTRONS
Since the discovery of self-splicing RNAs and the realization that group II introns splice via a lariat pathway, group II introns have been suspected of being the ancestors of spliceosomal introns (7, 155, 156, 157) . In the ensuing years, evidence for this relationship has strengthened, based on shared splicing pathways and chemistries, together with sequence and structural similarities.
Structural similarities between group II and spliceosomal introns
The spliceosome comprises a plethora of proteins and five small nuclear RNAs (snRNAs), U1, U2, U4, U5, and U6 (158, 159, 160) . During spliceosome assembly, there is a flux of both proteins and snRNAs with U2, U5, and U6 being the only snRNAs remaining in the catalytic particle ( Fig. 5A ). All three of these snRNAs have counterparts in the group II intron ribozyme, with U6 base-paired to U2 similar to the active site helix DV, U2 in complex with the branch-point region of the intron resembling DVI, and U5 base pairing to 5′ and 3′ exons paralleling the DI-exon interactions of group II intron RNAs (Fig. 5A) (4, 161, 162, 163) . Indeed, several group II intron domains (DIc, DIII, DI-DIV, DV) have been shown to be modular and promote splicing of group II introns lacking them when provided in trans (164, 165, 166) or to be interchangeable with analogous spliceosomal snRNAs: DV for U6 and U5 for the DId stem-loop containing EBS1 (162, 167) . Additionally, there are many examples of naturally occurring fragmented group II introns that consist of two or three unlinked segments that reassemble for splicing in vivo (reviewed in references 4, 157, and 168) . Systematic studies with the Ll.LtrB intron identified numerous functional breakpoints for bi-and tri-partite group II introns (169, 170, 171) .
Besides these structural similarities, group II introns, like spliceosomal introns, can utilize alternative splicing with potential to generate different protein isoforms (172) . Additionally, both group II and spliceosomal introns can splice via 5′-splice site hydrolysis when regions required for branching (DVI and U2 snRNA) are absent or compromised (173, 174) .
Mechanistic similarities between group II and spliceosomal intron RNAs
The parallels between the group II autocatalytic pathway and spliceosome-mediated splicing (Fig. 1A) , and the high degree of snRNA conservation over evolutionary time resulted in the proposal that the spliceosome is a ribozyme (175, 176) . Details of the reaction in spliceosomes and group II introns are identical down to stereochemistry of the oxygen atoms that bind the two metals and the role of these divalent metals in stabilizing the leaving group in both steps of splicing ( Fig. 5B, C) (12, 13, 175, 177) . U6 base-paired with U2 catalyzes both steps of splicing by positioning divalent metals in precisely the same way as DV, with an internal stem-loop (ISL) of U6 resembling the DV helix in both structure and sequence ( Fig. 5C) (178) . In group II introns, the catalytic Mg 2+ ions bind to DV via a CGC triad and bulge, whereas U6 contains an AGC triad and bulge that position the catalytic Mg 2+ (Fig. 5B, C) (12, 163, 179) . Finally, U6, like DV, uses base-triple interactions to present the catalytic metals to the scissile phosphates for the two steps of splicing ( Fig. 5C , D, E) (163, 180) . The Mg 2+ -positioning triple helix in group II introns is formed between the DV triad and two nucleotides in the J2/3 linker (between DII and DIII), and one nucleotide in the DV bulge. In precise analogy, the U6 AGC triad, which base-pairs with U2, forms two base triples with the highly conserved 5′-ACAGAGA-3′ box in U6, and one nucleotide in the U6 ISL bulge (Fig. 5C, D, E) . These parallels leave little doubt as to an evolutionary relationship between these two intron types.
Prp8, a conserved protein at the active site of the spliceosome, has similarities to group II intron RTs Beyond the structural and mechanistic similarities of group II intron and spliceosomal RNAs, recent studies have shown a relationship between group II intron RTs and Prp8, a highly conserved, 280 kDa protein at the heart of the spliceosome (181, 182, 183) . Prp8 interacts with the three snRNAs, U2, U5, and U6, which form the catalytic core of the spliceosome (159, 184) . The structure of a large fragment of S. cerevisiae Prp8 in complex with the U5 snRNP assembly factor Aar2 showed that the central conserved region contains RT and thumb/X domains related to those of group II intron RTs, separated by a relatively long linker from a type II restriction enzyme-like (REL) En domain (Fig. 6 ). These domains are followed by an RNase H-like domain and a domain with a Jab1/MPN fold found in de-ubiquitinating enzymes. None of these domains appear to be enzymatically active, with the active site of the RT-like domain containing only one of three aspartates involved in Mg 2+ coordination in active RTs.
The crystal structure of Prp8 shows that the RT, thumb/X, linker, En and RNase H-like domains form a large internal cavity that is the site of mutations that suppress splicing defects caused by mutations in the 5′and 3′-splice sites and branch-point nucleotide, as well as the site of cross-links with the 5′-and 3′-splice sites, the branch point, and U5 and U6 snRNA (185, 186) . Moreover, this internal cavity can accommodate the catalytic core of a group II intron RNA, which is thought to have evolved into that of the spliceosome (182) . Based on these findings, it was suggested that Prp8 may have been derived from an ancestral group II intron RT that evolved to function as an assembly platform for snRNAs and pre-mRNA (182) . The similarities of the RT and X/thumb domain suggest an evolutionary relationship to group II IEPs, with the lack of conservation of conserved aspartates at the RT active site consistent with the finding that mutations in the group II intron RT active site have minimal effect on splicing activity (19) .
Plant nMat proteins provide previous examples of group II intron RTs that were subsumed into a nuclear genome without their associated intron RNAs and continue to function as splicing factors, albeit for group II introns within organelles (187, 188, 189, 190) . nMat2 proteins have a conventional H-N-H En domain, whereas in nMat1 proteins the En domain has been replaced by or diverged into a novel C-terminal domain that is conserved in different plant species and may contribute to the RNA splicing function (Fig. 6 ).
Despite these tantalizing similarities, a more complex situation is suggested by the finding that the En domain of Prp8 is a REL domain rather than an H-N-H endonuclease as in group II intron RTs and that group II intron RTs lack an associated RNase H domain (Fig. 6 ). As both REL and RNase H domains are found in some subgroups of nuclear non-LTR-retrotransposons (135, 191) , these findings raise the possibility that Prp8 may be derived from another non-LTR-retroelement that is evolutionarily related to and possibly a missing link between group II introns and the spliceosome (192) .
GROUP II INTRON EVOLUTION Group II intron origins and other bacterial RT-containing elements
Although it is often conjectured that group II introns and other ribozymes arose in a primordial "RNA world," wherein catalysis was performed by RNA, the relationship of group II introns to the RNA world remains uncertain (193) . The order of events for evolving mobile group II introns is also obscure, and appears to have occurred independently in at least two ways: through acquisition of an RT that imparted RNA-based mobility needed for intron dispersal in bacteria, and through acquisition of a LAGLIDADG DNA endonuclease that likely conferred the ability to mobilize the intron via DNA-based recombination in both bacteria and fungi. In both cases, the DNA encoding the catalytic RNA splicing apparatus is assumed to have preexisted an invasion event by different genes coding for mobilizing activities. But for RT-driven mobility, a coevolutionary scenario is also possible, where self-splicing ability developed from a retroelement under selective pressure to minimize transposon damage to the genome (194) .
In addition to group II introns, bacteria contain a variety of other retroelements and RTs, which may have evolved from or into group II intron RTs (195, 196) . These include retrons (197) , abortive phage infection (Abi) retroelements (196) , diversity generating retroelement RTs (DGRs) (198, 199) , and RTs associated with some CRISPR-Cas systems (195, 196) . Abi retroelments are host-encoded elements that defend against phage infection (200) , while DGRs are bacterial and phage-encoded elements that diversify protein-encoding DNA sequences, such as those involved in cell surface display or phage tropism switching, via an error prone retrohoming mechanism (198, 201, 202) . The RTs associated with CRISPR-Cas systems may function in ions coordinated by phosphate oxygens of the nucleotides shown in red. The circled A in the intron is the adenosine nucleophile with the 2′-OH corresponding to the water molecule in B, which attacks the 5′ splice site (arrow). The introns are depicted in red hatch marks, with a small segment in green representing DV of the group II intron detailed to the right. U2 3′ to the U2-U6 pairing extends to interact with the branch-point region of the intron (arrow to circled A). The three boxed nucleotides in each case comprise the conserved catalytic triad (163, 178, 183, 220) . Dotted brown lines join residues involved in base triples, which are formed by two pairings between the catalytic triad and ether J2/3 or the 5′-ACAGAGA-3′ box and the third pairing to the bulge in each structure (163, 180) . Comparison of Prp8 to group II intron and related RTs. Schematic comparing S. cerevisiae Prp8 (PDB:4I43) with the Ll.LtrB group II intron RT (LtrA protein; GenBank:AAB06503), Arabidopis thaliana nMat1 and nMat2 proteins (NCBI Reference Sequence: NP_174294 and NP_177575, respectively), non-LTR-retrotranspson R2Bm RT (GenBank: AAB59214), and Neurospora crassa RVT RT (GenBank:CAE76174). The plant nMat1 and nMat2 proteins are previous examples of group II intron RTs that were subsumed into nuclear genomes and retained RNA splicing function, with the nMat1 proteins acquiring a novel conserved domain (green) in place of the En domain. The Prp8 configuration of the thumb, long linker, and REL domain is similar to that in the R2Bm RT. Although group II intron RTs and the R2Bm RT lack an RNase H domain, RNase H domains are known to be acquired sporadically in different non-LTR-retrotransposon lineages (135, 191) . RVT RTs, another potential candidate for an ancestor of Prp8 (181), lack En and integrase domains and are further distinguished from group II intron and non-LTR-retrotransposon RTs by a large acidic insertion within RT-2a and by conserved N-and C-terminal domains that are not found in other proteins (212) . Conserved sequence blocks in the RT domain are numbered, and the sequence motif containing two of the conserved aspartic acid residues at the RT active site is shown below for each protein. On: Mon, 07 Jan 2019 03:34:29 cellular immunity by synthesizing cDNAs of RNA phages or transcripts of invading DNA elements that are then incorporated into the CRISPR repeats (195, 196) . Thus, bacterial RTs are engaged in the phage-host arms race, to evade cellular defenses on one hand and to develop immunity to invasive DNA on the other.
Role of group II introns in the origin of eukaryotes
A favored scenario for the origin of a eukaryotic cell is endosymbiosis, based on an archaeon hosting a bacterial invader that carried group II introns and evolved into mitochondria (124, 125, 203, 204, 205) . Although this scenario remains a matter of debate particularly among those who favor bacterial-archaeal fusion scenarios for the origin of eukaryotes (206, 207, 208) , the bacterial species thought to have evolved into mitochondria and chloroplasts, α-proteobacteria and cyanobacteria, respectively, both harbor copious numbers of group II introns (209) . Bacteria contain all group II intron lineages whereas organelles contain only the IIA/ML and IIB/CL lineages, possibly reflecting that group II introns of these lineages were present in the bacteria that gave rise to mitochondria and chloroplasts (49) . The early occurrence of spliceosomal introns in eukaryotes is supported by studies inferring the existence of at least a primitive spliceosome in the last common ancestor of extant eukaryotes (210) .
Martin and Koonin (211) proposed that intron proliferation in a primitive eukaryote stimulated the evolution of the nuclear envelope in order to separate splicing from translation and prevent ribosomes from traversing the intron, resulting in mistranslated proteins, and to counter further intron invasions. At the same time, the separation of transcription and splicing in the nucleus from translation of spliced mRNAs in the cytosol necessitated the evolution of machinery that could function in trans to splice multiple dispersed introns. The presence of large numbers of introns in proteincoding genes also necessitated mechanisms like nonsensemediated decay, which helps ensure that only accurately spliced mRNAs are translated.
Next, group II introns are hypothesized to have fragmented and reassembled into a spliceosome, which has been augmented by continued evolution into a megamachine. Consistent with this hypothesis is the absence of functional group II introns from extant nuclear genes, where they appear unable to function and where silencing of gene expression and nuclear compartmentalization may have added impetus to the evolution of the spliceosome through fragmentation and reassembly (130, 132, 133) .
Evolution of intron-related retroelements and their role in sculpting our genomes
The discovery that group II intron retrohoming occurs by TPRT raised the possibility that group II introns are the ancestors of eukaryotic non-LTR retrotransposons and telomerase (54) . This hypothesis is supported by the phylogenetic distribution of group II introns, which suggests that they evolved in eubacteria and entered eukaryotes with bacterial endosymbionts that evolved into mitochondria and chloroplasts. However, bacteria contain diverse retroelements and RTs (see above), as well as single-copy rvt genes. RVTs are of unknown function and found sporadically in all eukaryotic kingdoms (195, 196, 212, 213) (Fig. 6 ). Consistent with their single-copy nature, they are not associated with known endonucleases or integrases (212) . These considerations leave one pondering whether cellular RT genes originated from retrotransposons or vice versa. Regardless, retroelements related to group II introns have sculpted our genomes, together with the spliceosomal introns to which these RNA catalysts almost certainly gave rise.
